Archaea are usually minor components of a microbial community and dominated by a large and diverse bacterial population. In contrast, the SM1 Euryarchaeon dominates a sulfidic aquifer by forming subsurface biofilms that contain a very minor bacterial fraction (5%). These unique biofilms are delivered in high biomass to the spring outflow that provides an outstanding window to the subsurface. Despite previous attempts to understand its natural role, the metabolic capacities of the SM1 Euryarchaeon remain mysterious to date. In this study, we focused on the minor bacterial fraction in order to obtain insights into the ecological function of the biofilm. We link phylogenetic diversity information with the spatial distribution of chemical and metabolic compounds by combining three different state-of-the-art methods: PhyloChip G3 DNA microarray technology, fluorescence in situ hybridization (FISH) and synchrotron radiation-based Fourier transform infrared (SR-FTIR) spectromicroscopy. The results of PhyloChip and FISH technologies provide evidence for selective enrichment of sulfate-reducing bacteria, which was confirmed by the detection of bacterial dissimilatory sulfite reductase subunit B (dsrB) genes via quantitative PCR and sequence-based analyses. We further established a differentiation of archaeal and bacterial cells by SR-FTIR based on typical lipid and carbohydrate signatures, which demonstrated a co-localization of organic sulfate, carbonated mineral and bacterial signatures in the biofilm. All these results strongly indicate an involvement of the SM1 euryarchaeal biofilm in the global cycles of sulfur and carbon and support the hypothesis that sulfidic springs are important habitats for Earth's energy cycles. Moreover, these investigations of a bacterial minority in an Archaea-dominated environment are a remarkable example of the great power of combining highly sensitive microarrays with label-free infrared imaging.
Introduction
Although the Archaea-scientific community is evolving fast, the lack of knowledge with respect to mesophilic and cold-loving archaea is still enormous. The recent cultivation success of thaumarchaeal representatives is revealing novel and fascinating information, as are alternative procedures that allow in situ studies of archaea in their natural environment or in microcosm experiments (Hatzenpichler et al., 2008; Dekas et al., 2009; Walker et al., 2010; Tourna et al., 2011) . One major challenge in understanding the ecological role of archaea is that they are underrepresented in most natural systems, typically accounting for much less than 50% of the microbial cells present. Although some reports have revealed a predominance of (cren-) archaeal cells in marine water columns, reaching numbers of up to 90% Archaea versus Bacteria (Karner et al., 2001) , the archaeal part is composed of a broad diversity in these settings (DeLong, 1998) . Natural environments that are predominated by one single species of Archaea are rare; the most famous are the anaerobic methaneoxidizing (AMO) consortium (Orphan et al., 2001) and the 'string-of-pearls community' (Rudolph et al., 2001) . Both of these consortia seem to be based on syntrophy, in which both partners are mutually dependent on each other for nutrient exchange (Moissl-Eichinger and Huber, 2011) . The AMO consortium has been the subject of numerous analyses and is currently fairly understood but the string-of-pearls community, and in particular the archaeal partner therein (SM1 Euryarchaeon), is still mysterious in many aspects.
The SM1 Euryarchaeon is found in sulfidecontaining fresh and marine waters all over Europe (Rudolph et al., 2004) , but only two sites (close to Regensburg, Bavaria, Germany) were studied extensively during the past 10 years: The Sippenauer Moor and the Muehlbacher Schwefelquelle (''Islinger Muehlbach''; Henneberger et al., 2006) . Both of these sites are characterized by a main, sulfidic spring, emanating into a streamlet where whitish mats of sulfide-oxidizing bacteria cover the submerged surfaces. These aquifers are very similar to sulfidic cave springs that are rich in sulfide, ammonia and sulfate (Engel et al., 2004) but poor in dissolved organic carbon, suggesting that the major microbial community of the biotopes are chemolithoautothrophs (Engel et al., 2003; Kodama and Watanabe, 2004) . Although, sulfidic springs represent o10% of terrestrial fresh water springs (Palmer, 1991) , they are believed to have an important role in global sulfur-cycling (Engel et al., 2003) , as they can spawn huge amounts of microbial biomass mainly consisting of sulfur-oxidizing bacteria such as Thiothrix, Beggiatoa and Sulfuricuvum. These filamentous bacteria live as microbial mats or streamers in fluctuating gradients of sulfide and oxygen, and may also be responsible for the environmental success of the SM1 Euryarchaeon under oxygen-rich conditions (Moissl et al., 2002; Rudolph et al., 2004) . Surrounding the archaeal colony, Thiothrix (Sippenauer Moor) and Sulfuricurvum (Muehlbacher Schwefelquelle) form the string-of-pearls community and possibly interact with the archaeon through an inter-species sulfur cycle (Moissl et al., 2002) . In these communities, the bacterial partner and the SM1 Euryarchaeon are present in almost equal abundance, pointing at a 'real' partnership and possibly at a symbiotic/ syntrophic relation. The proposed sulfur cycle suggests the SM1 Euryarchaeon being an anaerobic sulfate reducer surrounded by sulfur-oxidizing bacteria. The latter metabolize products from sulfate reduction (H 2 S), and provide simultaneously the educts (sulfate) for the SM1 Euryarchaeon. In addition, the sulfur-oxidizing bacteria protect the SM1 Euryarchaeon from oxygen exposure by respiration (Moissl et al., 2002) .
In contrast to other sulfidic springs that have been microbiologically studied, samples at the Muehlbacher Schwefelquelle can also be taken from B 1 m below the water table, where the upwelling water is not yet mixed with atmospheric oxygen. By placing an in situ trapping system in this subsurface setting, slime-like biofilm structures consisting almost exclusively of SM1 euryarchaeal cells can be caught from the water stream, in stark contrast to the abovementioned string-of-pearls community (Henneberger et al., 2006) . This second life-style of the SM1 Euryarchaeon differs also from other described microbial systems, in which archaea are involved in biofilm formation (Lapaglia and Hartzell, 1997; Tyson et al., 2004; Frols et al., 2008) : first, the SM1 euryarchaeal biofilm represents the only known naturally occurring Archaea-dominated biofilm, revealing a purity of up to 95% based on microscopic counts (Henneberger et al., 2006) . Second, the small archaeal cocci form porous colonies with defined distances between the single cells mediated by their unique cell surface appendages (Moissl et al., 2005; Henneberger et al., 2006) . Third, bacteria in the biofilm are either randomly distributed or form dense microcolonies, and their varied morphological appearance hints at a broader genetic diversity. Lastly, no other archaea have been detected within the biofilm, using fluorescence in situ hybridization (FISH) or conventional cloning strategies, suggesting that the SM1 euryarchaeal biofilm is a natural 'archaeal monospecies biofilm' (Henneberger et al., 2006) . The Muehlbacher Schwefelquelle spring therefore represents an extraordinary window to an anoxic subsurface biotope of an unusual archaeon.
Using basic biochemical analyses, the water content of the SM1 Euryarchaeon biofilm has been determined to be extraordinary high (99.6%; Amann T et al., unpublished data) and the composition of the extracellular polymeric substance has been shown to have a high ratio of protein versus carbohydrates (1.5:1). No nucleic acids, however, were found in the matrix surrounding the SM1 Euryarchaeon cells (Henneberger et al., 2006) . The protein content is mainly owing to its extraordinary cell surface structures, called hami, which are highlycomplex, filamentous attachment tools with a nanosized grappling hook at their end (Moissl et al., 2005) .
The biochemical analyses performed to date have been based on protocols that necessitate a complete extraction of chemical compounds from the biofilm and do not allow the assignment of organic and inorganic compounds to the different microbes in the biofilm (for example, to Bacteria or Archaea). Moreover, for the underrepresented bacteria in the biofilm neither their metabolic role nor their (possible metabolic) interaction with the archaea are defined or have been subject to deeper studies besides FISH (Henneberger et al., 2006) . Hence, it is uncertain, whether bacterial key species coexist with the SM1 Euryarchaeon, or the detected bacterial diversity is randomly attached to the biofilm.
In order to understand the bacterial (and archaeal) diversity in the biofilm and a possible occurrence of certain key species therein, we have conducted highly sensitive PhyloChip analyses based on the 16S rRNA gene pool of the biofilm. In addition, we used synchrotron radiation-based Fourier transform infrared (SR-FTIR) spectromicroscopy to provide a nucleic-acid independent method to link the phylogenetic diversity information with the spatial distribution of the chemical composition and metabolic activity of the bacterial and archaeal cells within the biofilm. SR-FTIR is a non-invasive and label-free molecular imaging technique capable of micrometer spatial resolution (Holman et al., 2010) . In this study, the capability of SR-FTIR to differentiate Bacteria from archaeal cells has been evaluated.
Material and methods
Sampling site and physical characteristics Biofilm samples were collected from the cold (B10.5 1C), sulfidic spring Muehlbacher Schwefelquelle. Its physical characteristics (pH and water composition) have already been described previously (Rudolph et al., 2004; Henneberger et al., 2006) , and are found to be very constant over several years of measurement (including sulfate 16 mg l À 1 , thiosulfate 14 mg l À 1 , ammonia 0.33 mg l À 1 ). Oxygen concentrations at different locations of the spring and the stream were re-measured using a highly sensitive oxygen dipping probe (PSt6) coupled with temperature measurement (Fibox 3, LCD trace; PreSens, Regensburg, Germany).
Sample collection
An in situ biofilm trapping system was used to catch biofilm pieces washed up from the deeper subsurface. The nets were incubated for 3 days as deep as possible in the spring bore. Sampling was performed as described earlier (Henneberger et al., 2006) . Samples for FISH analysis were incubated in phosphate-buffered saline-containing paraformaldehyde (final concentration 3% (wt/vol)) for 1 h at room temperature (22 1C ± 2 1C); samples for PhyloChip G3 assays were frozen at À 20 1C and samples for SR-FTIR spectromicroscopy necessitated airdrying of the biofilm on gold screens (G225G1, Plano GmBH, Wetzlar, Germany). In addition, 25 ml of spring water were collected as a field control for PhyloChip experiments. Anaerobic sampling for incubation experiments was performed as follows: a double-opened Schott flask was placed on a funnel letting almost all water of the spring pass through. The flask had several layers of polyethylene nets to filter the spring water and catch biofilm fragments. After an incubation of 4 days the bottle was closed with rubber stoppers under water (oxygen-free conditions). All samples were kept on ice during the transport from the site to the laboratory.
Metagenomic DNA extraction A measure of 250 ml of each biofilm sample were used for individual extraction procedures. Spring water was concentrated via a Millipore amicon 50 kDa cutoff centrifugal filter (Millipore, Billerica, MA, USA), according to manufacturer's specifications before undergoing DNA extraction as described previously (Tillett and Neilan, 2000; Moissl-Eichinger, 2011) . Concentrations of doublestranded DNA in the samples were determined using Qubit Quantitation Platform (Invitrogen, Carlsbad, CA, USA).
Quantitative PCR and cloning of dsrB genes Quantitative PCR (qPCR) was carried out in triplicates with 1 ml of metagenomic DNA as described previously (Moissl-Eichinger, 2011) , and the following primer sets were used. Archaeal 16S rRNA genes: 345aF-517uR (Lane, 1991; Burggraf et al., 1992; Moissl-Eichinger, 2011) ; bacterial 16S rRNA genes: 338bF-517uR (Lane, 1991) ; dissimilatory sulfite reductase subunit B (dsrB) genes: DSRp2060F (Geets et al., 2006) and DSR4R (Wagner et al., 1998) . 16S rRNA gene standards were developed from PCR products of Methanococcus aeolicus (DSM 17 508) and Bacillus safensis (DSM 19 292).
dsrB gene standard was generated from an environmental biofilm sample. After PCR-amplification of dsrB genes with the abovementioned primers the amplicons were cloned into pCR2.1-Topo vector. Fifty-two clones were randomly picked and inserts were sequenced using M13F and M13R primers. Forty-eight clones revealed high quality and were vector-trimmed, clustalW aligned and grouped into operational taxonomic units (OTU) at a 0.01 hard cutoff (Schloss et al., 2009) . One representative sequence of each OTU was submitted to GenBank (Acc. no. JX515394-7); a representative clone of the dominant OTU (JX515394) was used for generating a qPCR standard (PCR amplicon generated with M13 primers). The coverage of the library was calculating according to Good (1953) .
16S rRNA gene amplification
The template concentration for PCR was set to 3 ng for biofilm samples but DNA isolated from spring water revealed no measurable concentrations (o0.05 ng) due to low biomass. Consequently, 1 ml of template was used for single PCR; the same settings were also applied for the extraction blank (see below). Bacterial 16S rRNA genes were amplified in a gradient PCR using primers B27f and 1492r as described elsewhere (Hazen et al., 2010) , and 30 cycles were run. For amplification of archaeal 16S rRNA genes the degenerated primer pair 345af (5 0 -CGGGGYGCASCAGGCGCGAA-3 0 (Burggraf et al., 1992) ) and 1406ur (5 0 -ACGGGCGGTGTGTRCAA-3 0 (Lane, 1991) ) with an annealing temperature of 60 1C were chosen. Running only 25 PCR cycles and an evaluation of the primers via RDP II (Cole et al., 2009) in comparison to previous Archaea-directed primers (Hazen et al., 2010) promised an increase of the detectable archaeal biodiversity (coverage of these and previous primers evaluated via RDP II, Supplementary Table S1 ). PCR products were gel-purified prior to cloning or microarray analysis (QIAquick Gel Extraction Kit, Qiagen, Germany).
Archaeal clone library
The PCR products of one biofilm sample were used to generate an archaeal 16S rRNA gene clone library by using the TOPO TA cloning kit with TOP 10 0 cells (Invitrogen). Colonies were manually picked and inserts were amplified using the abovementioned archaeal primer pair. For screening, restrictionfragment-length polymorphisms were performed using two restriction enzymes (HaeIII and Hinf I, Promega, Madison, WI, USA (Vaneechoutte et al., 1992; Moissl-Eichinger, 2011) ). Plasmids of clones with unique sequences were purified (Plasmid Mini DNA Purification Kit, Invitrogen) and bi-directionally sequenced using M13 primers (University of California, DNA Sequencing Facility, Berkeley, USA). After chimera check via Bellerophon (version 3 (http://greengenes.lbl.gov/)) and Pintail (Ashelford et al., 2005) sequences were compared with publicly available sequences and among each other using BLAST (http://blast.ncbi.nlm.nih.gov; Altschul et al., 1990) .
16S rRNA gene microarray (PhyloChip G3) analysis
The PhyloChip G3 design, performance and analysis were already described (Hazen et al., 2010) . Here, 500 ng of bacterial and 100 ng of archaeal 16S rRNA gene amplicons were used for PhyloChip analysis of biofilm samples. Hence, only 100 ng of bacterial PCR amplicons and 10 ml of archaeal amplicons (below detection limit) were hybridized on the chip for the background water sample. DNA extraction blanks yielded no quantifiable amounts and 14.5 ml of bacterial and 10.0 ml of archaeal post-PCR were used for PhyloChip assay. After combining amplicons, they were spiked with known amounts of non-16S rRNA genes (total 202 ng). Fluorescence intensities of these positive controls were used to normalize total array intensities among samples. Target fragmentation, biotin labeling, PhyloChip hybridization, scanning and staining, as well as background subtraction, noise calculation, detection and quantification criteria were performed as reported (Hazen et al., 2010) .
PhyloChip data processing
Stage 1 and 2 analysis were performed as described elsewhere (Hazen et al., 2010) and thus, the threshold for identifying a bacterial OTU in a sample was set to a minimum of 18 perfect match probes. Quartiles of the ranked r-scores (response score to determine the potential of a probe pair responding to a target and not to the background) had to meet the following criteria: rQ 1 X0.70, rQ 2 X0.95, rQ 3 X0.98. In addition, subfamilies that had an r x Q 3 value (cross-hybridization adjusted response score) of X0.48, were considered as present but also requirement for the OTUs within this subfamily to be present.
For analysis of the archaeal OTUs the aforementioned parameters were adjusted to the smaller B1000 bp 16S rRNA gene amplicons. As shown in Supplementary Figure S1A , the number of probe pairs that could possibly be scored with these amplicons, varied among the archaeal OTUs on the chip. Hence, the criterion to call an archaeal OTU present was adjusted to a probe pair score of 14. Consequently, 92/639 of the archaeal OTUs present on the PhyloChip could not be included in the analysis (Supplementary Figure S1A) ; however, these OTUs were not restricted to one specific phylum and spread within the domain of the Archaea.
Subfamily based analysis was done by picking one representative sequence within an OTU per subfamily that was detected at least in 2/3 of the biofilm samples or in the background water. These OTUs were classified to family level using the Greengenes (DeSantis et al., 2006) database in combination with SILVA (Pruesse et al., 2007) and RDP II (Cole et al., 2009) . Trees based on multiple sequence alignments were generated by retrieving 70 000 character alignments from SILVA database and the neighbor joining method (MEGA 4, (Tamura et al., 2007) ). Trees with heatmaps were rendered in iTOL (Letunic and Bork, 2007) .
Identification of significantly enriched OTUs in the biofilm
For identification of OTUs that were significantly enriched in the biofilm, three additional samples were included in the PhyloChip analysis that were taken from the Sippenauer Moor, where the SM1 Euryarchaeon can be cultivated in situ as a string-ofpearl community together with filamentous sulfuroxidizing bacteria (Rudolph et al., 2001; Moissl et al., 2002) . The samples from the Sippenauer Moor were collected as described previously (Moissl et al., 2003) , and underwent the same molecular PhyloChip assay as described for the biofilm samples in this study. A two-tailed, homoscedastic Student's t-test was performed on abundance values of OTUs detected in at least one of the three biofilm or stringof-pearl-community samples. An adjusted P-value of 0.002 was chosen in order to avoid type one errors as 8114 different OTUs were included in the analysis. The resulting OTUs that met this requirement and had a higher average abundance in biofilm samples were then grouped in subfamilies by picking the OTU with the most drastic increase in abundance. Results of the string-of-pearls community analysis were used as a reference data set of an oxygen-exposed environment of the SM1 Euryarchaeon and were not included in this manuscript. Heatmaps of selected OTUs were generated in the R programming environment (http://www. r-project.org/).
Tracking the SM1 Euryarchaeon with PhyloChip technology As the full 16S rRNA sequence of the SM1 Euryarchaeon is still not publicly available (Rudolph et al., 2001) , this Euryarchaeon had not been included in the PhyloChip G3 design (Hazen et al., 2010) . In order to track the abundance of the SM1 Euryarchaeon in samples analyzed with PhyloChip G3, the 1019 bp-long sequence of the dominant SM1 Euryarchaeon clone (IM-A1, JN861739) was bioinformatically broken up into 995 25-mers and compared with all probes present on the PhyloChip. Nine different probes were identified to perfectly match with the A1 clone sequence but only one of them revealed high specificity. By using RDP II probe match (Cole et al., 2009 ) the probe 5 0 -TGTGCAAGGAGCGGGGACATATTCA-3 0 on the microarray (x ¼ 651, y ¼ 188; oligonucleotide sequences r 2011 Second Genome Inc.) was identified to match with only seven different archaeal sequences in the database, three of them belonging to SM1 euryarchaeal sequences. The relative hybridization intensities of this probe for biofilm, and water samples as well as positive and negative controls are given in Supplementary Figure  S1B . As a matter of fact, the biofilm showed higher relative hybridization intensities (100 ng of archaeal PCR product) than the positive control (50 ng of purified PCR product of clone A1), reflecting the high abundance of the SM1 Euryarchaeon in the biofilm. The negative control and the extraction blank (see below) revealed very low intensities. Furthermore, the background water sample from the spring showed a very weak, relative hybridization intensity of 324 compared with an average value of 6913 retrieved from biofilm samples indicating a latent presence of the SM1 Euryarchaeon in the spring water (Supplementary Figure S1B ).
Molecular analysis controls
Controls were included in each step mentioned above. For DNA extraction, a negative control performed with PCR grade water was used. The same control was then included in archaeal and bacterial 16S rRNA gene amplification and in PhyloChip analysis. Probes with positive response were masked in PhyloChip analysis of the actual samples in order to avoid false positives. In addition, a negative control of the PhyloChip analysis was performed that included nuclease-and nucleicacid-free water as well as the spike genes only. However, no OTUs met the threshold requirement neither in the extraction blank nor in the negative control. As a positive control, 50 ng of SM1-Euryarcheon clone IM-A1 (JN861739) was run in microarray analysis in order to see probe responses to the SM1-Euryarchaeon amplicon in comparison to environmental samples, which detected also no other OTUs.
FISH and fluorescence microscopy Whole-cell hybridizations were performed as mentioned elsewhere (Rudolph et al., 2001) , using domain-and species-directed probes (Bacteria: EUB338 (Amann et al., 1990b) ), Archaea: ARCHmix (Moissl et al., 2002; Henneberger et al., 2006) , SM1 Euryarchaeon: SMARCH714 (Moissl et al., 2003) . For the detection of bacteria involved in sulfate reduction, the sulfate-reducing bacteria (SRB) 385 probe (Amann et al., 1990a) and the Delta495a/b/c probe mix was applied (Loy et al., 2002) . Probes were labeled with Rhodamine Green (RG), Cy3 and Texas Red. Specimens were afterwards analyzed using either confocal laser scanning microscopy (CLSM, LSM 510 Meta, Zeiss, Oberkochen, Germany; exc. 488 and 543/ em. LP 505 and LP 585; multitrack for RG and Cy3) or epifluorescence microscopy (Olympus BX-60, Hamburg, Germany). For controls, a fluorescent dye-labeled nonsense probe (NONEUB338) were applied to the samples, and separate bacterial controls were also included (Bacillus atrophaeus DSM7264, Escherichia coli K12 DSM30083). Theoretical coverage of FISH probes and representative sequences of PhyloChip OTUs (in silico FISH) was assessed using the ARB software package (Ludwig et al., 2004) .
CTC-FISH to measure activity of specific microorganisms Biofilm samples were sampled anaerobically as described above and handled in an anaerobic glove box (Coy, Grass Lake, MI, USA). Biofilms were supplemented with 100 ml spring water and 10 ml 50 mM CTC (5-cyano-2,3-ditoryl tetrazolium chloride; Stellmach, 1984; Stellmach and Severin, 1986; Yoshida and Hiraishi, 2004) , which was prepared under anaerobic conditions (N 2 gas phase). After an anaerobic incubation of 2 h at 11 1C in a waterbath, the biofilms were removed and underwent fixation, FISH in suspension (Delta495a/b/c mix, RG, performed similar to Wallner et al., 1993) and subsequent DAPI (4 0 ,6-diamidino-2-phenylindole) staining.
SR-FTIR spectromicroscopy imaging and data analysis SR-FTIR spectromicroscopy is a non-invasive and label-free chemical imaging technology that provides molecular information at micrometer spatial resolution (Carr et al., 1995; Dumas et al., 2009) . SR-FTIR takes advantage of three technologies: (i) the well-known sensitivity of infrared spectroscopy to the bond vibration frequencies in a molecule for determining molecular functional groups, (ii) the convenience of a light microscope to locate areas for molecular and composition analysis, and (iii) the 100-to 1000-fold increase in signal-to-noise provided by a bright SR-based infrared light source. Using photons in the mid-infrared region (B2.5 to B15.5 mm wavelength, or B4000 to B650 wavenumber in cm
), SR-FTIR spectromicroscopy has been successfully used to characterize microbial activities in geological materials and in both hydrated and dried biofilms (Holman et al., 2009; Hazen et al., 2010; Holman et al., 2010) , in spite of the limitation that some signals may be ambiguous.
Freshly harvested samples (four replicates) were gently air dried onto gold-coated copper disks. Although drying affects the three-dimensional structure of the biofilms, prior microscopy experiments with other biofilms suggest that the two-dimensional structure is largely unaffected. Therefore, the measured spatial distribution of Bacteria, Archaea and the biogeochemical features could represent their native two-dimensional distribution within the biofilm. All SR-FTIR spectromicroscopy measurements were performed in the transflectance mode at the infrared beamline of the Advanced Light Source (http://infrared.als.lbl.gov/), where mid-infrared photons emitted from the synchrotron are focused with a 0.65 numerical aperture objective in a Nicolet Nic-Plan infrared microscope. In transflectance mode, the beam is transmitted through the sample, reflected off the gold-coated copper surface and then transmitted through the sample a second time before striking the mercury cadmium telluride detector. Each spectrum is an average of eight scans at a spectral resolution of 4 cm À 1 . Background spectra were obtained on the cell-free area of the discs.
For each SR-FTIR imaging measurement, the 200 mm Â 150 mm field-of-view for the biofilm was divided into equal-sized 2 mm Â 2 mm pixels before raster scanning. The resulting data cube, which consists of position-associated FTIR spectra, was subjected to data preprocessing and processing calculations, including spectrum baseline removal, using both Thermo Scientific Omnic version 7.3 (Thermo Scientific, Madison, WI, USA) and Matlab (MathWorks, Nattick, MA, USA). The absorption spectra were then subjected to univariate and unsupervised multiple curve resolution (MCR) image analyses. The univariate approach, which integrates infrared absorbance of an individual peak of interest, relates the absorbance intensity to the relative concentration of a particular chemical component through the Beer À Lambert law. The unsupervised MCR approach, on the other hand, is based on the principal component analysis (PCA) of the entire fingerprint region (1800-700 cm À 1 ) and of the C-H region (3100-2800 cm À 1 ) instead of individual peaks. MCR analysis of SR-FTIR spectra was applied to reveal the distributions of Archaea, Bacteria and chemical variations in the biofilms, which were hidden in the univariate approach. In this study, the unsupervised MCR analysis was performed with non-negative constraints on both concentration and spectral values (Budevska et al., 2003) .
Validation of SR-FTIR for differentiating Archaea and Bacteria in biofilms
Our SR-FTIR approach assumed that Bacteria can be distinguished from Archaea by comparing spectral features of their lipids in the C-H region due to differences in cell envelope compositions. To confirm this, we performed validation experiments using the following four strains of archaea and bacteria: the archaeon Sulfolobus solfataricus DSMZ 1616
T (grown at 80 1C in 0.25 Â SME medium) with glycosylated surface layer protein on its surface, the archaeon Methanopyrus kandleri DSMZ 6324 T (98 1C, in SME medium) with a pseudopeptidoglycan-containing cell wall covered by a proteinaceous layer, the Gram-negative bacterium E. coli K12 DSMZ 30 083 T (37 1C, in LB medium) with a comparably less amount of peptidoglycan but large amount of lipopolysaccharides in its cell envelope, and the Gram-positive bacterium B. atrophaeus DSMZ 7264
T (32 1C, in TSB (tryptic soy broth) medium) with a high amount of peptidoglycan in its cell wall. We first made SR-FTIR measurements on the four archaea and bacteria strains, and results were compared and summarized in Figure 1 .
Baseline corrected and vector-normalized spectra in the C À H region between 3000 and 2800 cm were then subjected to the multivariate PCA and then linear discriminant analysis (LDA) using MathLab (7.0). PCA and LDA were used to generate new variables (factors) that were linear combinations (that is, weighted sum) of the original variables (wavenumbers). PCA was first applied to the spectra to reduce the hundreds of absorbance intensities at different wavenumbers to just a few factors that could capture more than 95% of the variance. We typically selected seven components based on the 95% percentage of variance explained and on the spectral features of the loading plot. LDA was then applied to maximize the 'inter-class' variance over the 'intra-class' variance of the factors. We visualized the multivariate analysis results in the form of score plots (Figure 1b , left panel) and cluster vector plots (Figure 1b, right panels) . In this study, score plots were three-dimensional plots where the first three PC-LDA components were the x-, y-and z-axes; the nearness between classes (clusters) indicates the similarity, whereas the distance between classes implies dissimilarity.
Detailed analyses (Figure 1b , left and right panels) revealed that, in spite of the significant variations in the cell envelope (including cell wall) compositions, Bacteria can be distinguished from Archaea solely by comparing spectral features of their lipids in the C À H regions (3100-2800 cm À 1 ). As expected, bacterial membrane lipids consist of fatty acids with long alkylic ( À CH 2 À ) chains which have only one to two terminal methyl (CH 3 À ) groups. In contrast, archaeal membrane lipids generally consist of branched and saturated hydrocarbon isoprene, and therefore relatively less CH 2 À and more CH 3 À groups (Mancuso et al., 1986) . Our earlier study showed that the SM1 Euryarchaeon possesses a typical CH 3 -rich lipid (archaeol, Rudolph, 2003) . In this context, the ratio of CH 2 to CH 3 could be used to detect Bacteria in an Archaea-dominated biofilm ( Supplementary Figures S2A and S2B) .
To confirm this observation further, we made measurements and performed spatial correlation analysis on FISH and MCR SR-FTIR images (Supplementary Figures S3A and S3B ) using the image processing software ImageJ (http://www.mac biophotonics.ca/imagej/) and Manders approach of interpretation (Manders et al., 1993) . Field-collected biofilm samples were labeled with Archaea-directed probes (ARCHmix; Moissl et al., 2002; Henneberger et al., 2006) . The samples' fluorescence and the corresponding MCR SR-FTIR images were acquired by means of a Nicolet Continuum XL infrared microscope equipped with a fluorescence attachment and a WG fluorescence cube. Although the MCR recovered image and the fluorescence image À 1 region reflecting individual membrane lipids and cell envelope compositional characteristics (see Materials and methods section). All spectra are mean ± standard deviation (colored area). Archaea: S. solfataricus (glycosilated surface layer); M. kandleri (pseudopeptidoglycan and proteinaceous sheath; please note, M. kandleri exhibits two types of spectra, depending on the observed accumulation of extracellular material (type 1: with extracellular material, type 2: without extracellular material)). Bacteria: E. coli (Gram-negative cell wall), B. atrophaeus (Gram-positive cell wall). The numbers of reference spectra per species measured are given (n). (b) PC-LDA of the same spectra in the CH vibration region (3000-2800 cm À 1 ). Left: three-dimensional PC-LDA score plots reveal an excellent separation of archaea and bacteria along the first PC-LDA factor; each ellipse covers an area of 95% confidence level. The three components explain 92.7% of the variance. Right: The first PC-LDA loading spectrum has two distinct peaks at 2920 cm À 1 and 2850 cm À 1 (see arrows), which are associated with CH 2 bond stretching. The corresponding cluster vector spectra reveal more specific membrane lipids composition and organization variations among the reference strains.
have different 'brightness', 'intensity' and effective spatial resolution (microns for infrared and hundreds of nanometers for fluorescence microscopy), Pearson's coefficient was 0.504, Manders' overlap coefficient 0.798, the co-localization coefficient M1 was 0.988 and M2 was 1.000 (Manders et al., 1993) . This demonstrated that the two images were quite similar (Manders et al., 1993) .
Results
Using an in situ trapping system (Henneberger et al., 2006) , fragments of the SM1-Euryarchaeon biofilm from the subsurface were collected for an in-depth characterization of the unique subsurface biotope that can be accessed through the Muehlbacher Schwefelquelle.
Oxygen concentration in the spring area revisited Using a highly sensitive oxygen probe, a chemocline could be detected with decreasing oxygen concentrations towards the spring (Supplementary Figure  S4) . No oxygen could be measured in the subsurface water before mixing with the atmosphere in the streamlet, indicating a complete oxygen-free environment in the subsurface. These on-site measurements are in contrast to previous investigations that reported low amounts of oxygen in the spring water (Rudolph et al., 2004; Henneberger et al., 2006) . Dominance of the SM1 Euryarchaeon in the subsurface biofilm FISH with Archaea-directed and SM1 Euryarchaeonspecific probes confirmed previous results showing the archaeal dominance within the biofilm. The predominance of the SM1 Euryarchaeon was additionally confirmed by using domain-specific qPCR. The ratio of archaeal and bacterial 16S rRNA gene copy numbers was 97:3 (Table 1) , which is similar to previously reported ratio of Archaea:Bacteria being 95:5 (Henneberger et al., 2006) . A newly constructed clone library of archaeal 16S rRNA gene sequences generated from biofilm samples resulted in four different restriction-fragment-length polymorphism patterns after analyzing 48 clones. The dominant clone sequence (88% of all clones, IM-A1, JN861739) and two others (2%, IM-C8, JN861741; 2% IM-4-1, JN861742) showed high similarity to publicly available 16S rRNA gene sequences of the SM1 Euryarchaeon and among each other (499%). One clone sequence (8%, IM-C4, JN861740) was closely related to the environmental clone sequence SMK5 (Rudolph et al., 2004) , which was retrieved from Sippenauer Moor string-of-pearls community in 2005 (99% similarity) but shows a genetic distance of 20% to the SM1 Euryarchaeon sequence.
The currently most sensitive method available (PhyloChip G3 16S rRNA gene microarray technology, detection limit 2 pM of 16S rRNA PCR product; (Hazen et al., 2010) ) was used for characterizing the archaeal and bacterial composition in the biofilm and the spring water itself based on 16S rRNA gene analysis. Besides a comprehensive detection of Bacteria, the setup of the PhyloChip G3 technology was geared towards the identification of (also underrepresented) archaeal signatures. To avoid primer mismatches of typical, Archaea-directed primers binding to the front region of the 16S rRNA gene (Rudolph et al., 2001 ), a differrent primer set for amplification of (SM1 eury-) archaeal 16S rRNA genes was used and an adjusted bioinformatical approach for the shorter PCR amplicons was necessary. Although the SM1 Euryarchaeon was originally not included in PhyloChip G3 design (Hazen et al., 2010) , we developed a method to track its abundance in our samples based on the hybridization intensity of a specific probe on the microarray. With the aid of PhyloChip technology, the SM1 Euryarchaeon was detected highly enriched in the biofilm samples (B2130% increase in abundance) compared with the spring water.
Microbial diversity in spring water and biofilm
In the spring water and biofilm microbiome, in total 4444 OTUs in 869 different subfamilies were detected by PhyloChip analyses with 10 OTUs (in 10 subfamilies) belonging to the archaeal domain in addition to the SM1 Euryarchaeon. The overall distribution of the microbial taxa on subfamily level ranged from 14% for Firmicutes to 0.1%, for example, for Aquificales. Only 36% of the subfamilies detected in the water were also present in at least one of the three biofilm replicates (Figure 2) .
The diversity of the spring water was dominated by Deltaproteobacteria (14%); however, signatures of Methanomicrobia and Thermosplasmata of the archaeal domain were also retrieved (distribution of spring water diversity in Supplementary Figure  S5A ). The diversity of Firmicutes, Gammaproteobacteria and Bacteroidetes increased in the biofilm, whereas members of the OP11-group and the Planctomycetes were less diverse than in the spring Sulfate-reducers in archaeal subsurface biofilm AJ Probst et al water. Considering the diversity of subfamilies that occurred in at least 2/3 of the biofilm samples, Firmicutes were again the most diverse taxon, followed by Gammaproteobacteria and Bacteroidetes (Supplementary Figure S5B) .
Core microbiome of the biofilm Biofilm subfamilies detectable in 2/3 replicates were then analyzed in depth at the OTU level: If the coefficient of variation of the abundance values of a single OTU was o10% among biofilm replicates, the OTU was assumed to be non-fluctuating, and thus a constant member (potential key species) of the biofilm. Abundance values and a detailed description of these constant OTUs (263, including the SM1 Euryarchaeon) are presented in Supplementary Figure S6 . This community is considered to represent the core microbiome of the biofilm. As OTUs such as Thiothrix clone sipK4 (AJ307941) and the Sulfuricurvum clone IMB1 (AJ307940) were found to fluctuate, they were not considered as representatives of the core microbiome. However, both of these OTUs have been identified as key species in the string-of-pearls communities at various sampling sites (Rudolph et al., 2001; Moissl et al., 2002) . Eleven other stringof-pearls community related OTUs, which had been reported but not as key species, were also identified and found to be mostly fluctuating (Supplementary  Table S2 ). Figure 2 Difference in microbial richness between the spring water and the biofilm: presence and absence of subfamilies in spring water (SW) and biofilm samples (BF). Color intensities (red) of the biofilm samples reflect the number of times the subfamily was called present in one of the three replicates. As the SW sample was not replicated, heatmap reflects presence (blue label) or absence only. The Neighbor Joining tree was constructed with one representative OTU per subfamily (branch length is ignored). Leaf IDs give the classification on family level and the accession number of the representative OTU. Only those subfamilies that occurred in the water sample or in at least 2/3 of the biofilm replicates are shown.
Significantly enriched OTUs in the biofilm compared with the string-of-pearls community PhyloChip G3 analyses revealed 2139 OTUs that increased in abundance in the biofilm samples compared with the reference sample set (string-ofpearls community, data not shown). Eighty-three OTUs met the requirement of being highly significantly enriched (adjusted P-value 0.002), which were grouped into 44 subfamilies and are displayed in Figure 3 . The OTU with the greatest increase in abundance (accession number of representative sequence AJ831749; increase in abundance: 4559) was also the OTU with the most significant P-value of 4.60E-06. The representative sequence grouped this OTU in the Deltaproteobacteria, genus Desulfobacula. However, also OTUs of other phyla and genera were detected as significantly enriched, among those many Chloroflexi and Spirochetes.
Detection of SRB via FISH and correlation with PhyloChip data
The presence and amount of (potentially) SRB in the biofilm was further confirmed by FISH with two different (sets of) probes targeting bacterial sulfate reducers: bacterial sulfate-reducer probe SRB385 and Delta495 probe mix. Each approach was backed up by probes directed for Bacteria (Eub 338/I, Texas Red) or Archaea (ArchMix, RG), and DAPI staining or combinations thereof. The specificity of FISH experiments was confirmed by using appropriate controls and a nonsense probe (NONEUB338), which showed no signal when applied to biofilm samples.
The morphology of the bacteria in the biofilm was diverse, ranging from single cocci to aggregates, filaments, oval-, rod-and helix-shaped. The percentage of bacteria was estimated at 5%, confirming results from qPCR and previous studies (Henneberger et al., 2006) . Interestingly, 85.4% (±4.7% s.d.; 15 biofilm samples analyzed) of cells stained with the bacterial probe also exhibited signals for the SRB385 probe (Figure 4a ). This percentage of SRB was confirmed by the usage of the Delta495 probe mix, which revealed an amount of 89.2% ( ± 0.9% standard deviation; four biofilm samples analyzed) SRB (Figure 4b) .
In order to correlate FISH data with enriched OTUs detected by PhyloChip analysis, the theore- Figure 3 Significantly enriched OTUs (one representative of each subfamily) in the SM1 Euryarchaeon biofilm and in silico FISH-probe match. Heatmap of OTUs that increased highly significantly (Po0.002) in biofilm compared with string-of-pearls community samples and were called present in at least one of the samples (first column). Probes used for FISH experiments in this study were in silico matched to representative sequences of the enriched OTUs using the ARB software package. The theoretical coverage of the FISH probes is displayed in columns 2À5; the decreasing heatmap intensity reflects the number of mismatches of each probe per OTU (MM ¼ mismatch, PM ¼ perfect match).
tical coverage of the Bacteria-and sulfate-reducer directed FISH probes was analyzed in silico ( Figure 3 ). All probes (SRB385, Delta495 probe mix and EUB 338/I) showed theoretical coverage of the target group (SRB), and therefore confirmed our FISH results. Interestingly, 29.4% of all bacterial cells that did not stain with the Delta495 probe mix exhibited a typical Spirochaeta-like morphology. This genus was also found to be highly enriched in the biofilm, but whose 16S rRNA reveals 42 mismatches for the Delta495 probe mix (Figure 3) .
Based on the high percentage of the SRB385 probe and the Delta495 probe mix stained bacteria, the PhyloChip and in silico FISH analysis it can be concluded that the major part of bacteria in the biofilm can be affiliated to members of the Deltaproteobacteria, most likely to one specific, enriched OTU (genus Desulfobacula AJ831749). Cultivated members within the genus Desulfobacula were described as oval-shaped; bacteria with this morphology were positively stained with SRB and Delta495 probes and formed aggregates in the biofilm (Figure 4b) .
Detection of dsrB genes in biofilm samples
In order to further prove the presence of SRB and their metabolic capability, qPCR with dsrB-directed primers was performed. We were able to specifically detect the presence of genes encoding dsrB and to quantify their amount (Table 1 ). The abundance of detectable dsrB genes in biofilm samples allowed the conclusion that these signatures were derived from bacteria and not from the dominant SM1 Euryarchaeon (three-log difference in archaeal 16S rRNA and dsrB gene abundance). Moreover, the one-log difference of bacterial 16S rRNA and dsrB genes can be attributed to the fact that ribosomal genes can have up to 15 copies per genome (Klappenbach et al., 2001; Lee et al., 2009) , whereas dsrB genes generally appear once (Heidelberg et al., 2004) .
A clone library generated from the dsrB amplicons showed four different OTUs of dsrB genes belonging to the Deltaproteobacteria cluster, whereas one OTU was dominant (Accession no. JX515394: 33 clones; Accession no. JX515395: 11 clones; Accession no. JX515396: 3 clones, Accession no. JX515397: 1 clone). The coverage of the library was determined as 98%.
Metabolic activity of SRB in the biofilm A combination of CTC staining and FISH analysis showed an overlap of signals from CTC and SRBdirected FISH probes (Delta495 probe mix) in biofilm samples that were incubated in spring water anaerobically (Supplementary Figure S7) . The formation of CTC-formazan precipitates can be attributed to biological redox reactions, for example, respiratory electron transport, and thus provide evidence for the metabolic activity (Stellmach, 1984; Stellmach and Severin, 1986; Yoshida and Hiraishi, 2004) .
SR-FTIR measurements of Bacteria, Archaea, and metabolic intermediates distributions in biofilms
The high brightness of SR-FTIR spectromicroscopy enabled us to identify the presence of Bacteria, Archaea and a number of metabolic intermediates at a spatial resolution between 2 and 10 mm. Biofilm Figure 4 (a) Ternary FISH analysis of the subsurface biofilm with SRB-, Bacteria and Archaea-specific probes. Analysis reveals a dominance of archaeal cocci (SM1 Euryarchaeon) and of SRB-385-stained bacteria in the bacterial minority: B85% of the detected Bacteria revealed a signal with the sulfate-reducer specific probe. Scale bars ¼ 10 mm. a1: biofilm, FISH-stained with probe SRB385 CY3 (targeting SRB, yellow). a2: same detail, stained with probe EUB 338/I Texas Red (targeting Bacteria, red). a3: same detail, stained with probe mixture ArchMix RG (targeting Archaea, green). a4: same detail, reference-stained with DAPI (blue). (b) biofilm sample FISH-stained with SRB-directed Delta495 probe mix. The overwhelming majority of bacteria in the biofilm showed signals with the Delta495 probe mix (89.2%). Scale bars ¼ 10 mm. b1: probe 338/I RG (targeting Bacteria, green). b2: same detail, stained with probe mix Delta495 (targeting SRB, yellow). b3: overlay of details 1 and 2. b4: same detail, referencestained with DAPI (blue).
samples were first examined with crossed polarized microscopy and fluorescence microscopy because the biofilm fraction often exhibits visually interesting biogeochemical structures (Supplementary Figure S8) . Then the spatial distribution of molecular composition and possible metabolites in the biofilm were analyzed by SR-FTIR spectromicroscopy. Figure 5a .i shows examples of a range of typical SR-FTIR spectra collected on the biofilm samples (Figure 5a .ii, white circles in bright field). A striking feature was that these spectra, although obtained at locations merely several tens of micrometer apart (see circles in Figure 5a .ii), contained distinctly different signatures known to be associated with organic and inorganic markers typical of biogeochemical systems (Table 2) . Spatial distributions of the infrared absorption intensities (from univariate analysis) of these molecular markers are shown in Figure 5a .ii. Notice that the infrared absorption intensity ratio of CH 2 to CH 3 was B30% higher in the biofilm regions occupied by large, filamentous-shaped, Beggiatoa-like bacteria, compared with the surrounding Archaea-dominated area.
MCR analysis confirmed that Bacteria can be distinguished from Archaea by their spectral features (Figure 5b .i versus Figures 1a and b ; Figure 5b .ii versus Supplementary Figure S3 , Supplementary Figure S2 versus Figure 1b) . Furthermore, specific metabolites as well as biogeochemical materials were found associated with these prokaryotic groups (Figure 5b ). For example, in Figure 5b .ii, a combined univariate and MCR SR-FTIR analysis revealed strikingly overlapping infrared signals of organic sulfate products (R-S ¼ O) and Adler and Kerr, 1965; Peak et al., 1999; Smith, 1999 800-850 C-O-S vibration of sulfate in carbonates Takano, 1985 Sulfate: organic B1250, B1240 S=O stretching vibration of sulfate ester Percival and Wold, 1963; Mayers et al., 1969; Goren, 1970; Asker et al., 2007 Abbreviation: SR-FTIR, synchrotron radiation-based Fourier transform infrared. Assignments were used for identification of bio-and geochemical molecules (of dominance) measured in the investigated biofilms. (a i and a ii) Distribution heatmap (from univariate analysis) of the relative abundance of total proteins (based on the peak area centered at B1548 cm À 1 ), of bacterial lipids (the ratio of the peak area of CH 2 centered at B2852 cm À 1 to the peak area of CH 3 at B2872 cm À 1 ), carbohydrates (the peak area centered at B1089 cm À 1 ), sulfur/carbon biochemical cycling products (S ¼ O from organic sulfate products, centered at B1240 cm À 1 , S ¼ O of inorganic sulfate centered at B1130 cm À 1 and CO 3 2 À groups of carbonate minerals in the 880-840 cm À 1 region. The OH of clay centered at B3695 cm À 1 is not shown here). The white circles with numbers (1-6) in the bright field and in the SR-FTIR images (a ii) correspond to the transflectance spectra (a i). The circles represent pixels where the spectra were recorded. Note: Filamentous bacterial structures in the biofilm were rarely observed but specifically presented here in order to illustrate the lipid signatures of Bacteria and Archaea (for more samples please see Supplementary Figure S9 carbonate minerals with Bacteria-rich areas. Similar results were observed in other samples collected during this field experimental period ( Supplementary  Figures S9 and S10) . This implies the presence of microscale mixtures of bacteria that are involved in subsurface sulfur and carbon turnover.
Discussion
Life in the subsurface is highly diverse and comprises an enormous fraction of Earth's biomass. However, the microbial community living in this extreme environment remains largely mysterious, as subsurface biotopes are hardly accessible, which makes it also difficult to understand ongoing geochemical processes in these environments (Onstott et al., 2009) . The Muehlbacher Schwefelquelle, however, provides an extraordinary window to the subsurface and allowed the discovery of a highly unusual, Archaea-dominated microbial community (the SM1 euryarchaeal biofilm), which is continuously being washed up from the subsurface and can be harvested from the spring water. As the dominant SM1 Euryarchaeon still resists efforts to be cultivated and metabolically understood, this study focused on the bacterial minority thriving in this type of biofilms. Using a combined approach of molecular techniques and SR-FTIR spectromicroscopy, we demonstrated that the interplay between the underrepresented bacterial fraction and geologically important chemicals could be analyzed in order to obtain insights into a possible ecological role of this extraordinary microbial community.
The dominance of one specific archaeon, the SM1 Euryarchaeon, was revisited and confirmed in this study by qPCR techniques and FISH, proving the constancy of this subsurface system over several years (Henneberger et al., 2006) . The sensitive PhyloChip technology also confirmed the abundance of the SM1 Euryarchaeon, but additionally identified the presence of other archaea disproving the initial statement of an 'archaeal monospecies biofilm' (Henneberger et al., 2006) . Nevertheless, because none of these alternate archaea was visualized either in FISH or in the archaeal clone library, it can be assumed that they represent only a very minor fraction of the biofilm.
We demonstrated that the spectral features of membrane lipids can be used to distinguish Archaea from Bacteria even in complex samples without using either a MS-or a nucleic acid-based approach (Sprott, 1992; Elvert et al., 2000; Sturt et al., 2004) . Furthermore, we also could use SR-FTIR to map the distribution of biogeochemical compounds, and to relate this molecular information to certain dominant ecological functions of even underrepresented microbial groups.
Raman microspectroscopy has often been used to characterize spatial distribution and molecular composition of biological samples (Wagner, 2009; Beier et al., 2010; Hall et al., 2011; Li et al., 2012) . However, to date, Raman microscopy has often been used together with FISH (Raman-FISH) to differentiate microbial populations such as Bacteria and Archaea (Huang et al., 2007) . On the contrary, SR-FTIR does not require cell labeling. SR-FTIR is also non-destructive, and therefore allows additional in situ studies of chemical composition changes in microbes on the same sample (Holman et al., 2010) . As demonstrated in this study SR-FTIR spectromicroscopy imaging could associate the distribution of Archaea and Bacteria with biogeochemical compounds, giving us the opportunity to gain a more indepth insight of the underpinning biogeochemical processes. In Figure 5 , for example, large, filamentous bacterial cells were observed along with increases in organic sulfate intensities, which suggests that these bacteria could belong to an sulfuraccumulating and -oxidizing bacterium such as Beggiatoa (Larkin and Strohl, 1983) , a genus also identified in the biofilm core microbiome.
In other biofilm samples, such as those presented in Supplementary Figures S9 and S10 , a majority of the areas that exhibited infrared spectral signatures of bacterial cells coincides with signals that are indicative of an accumulation of organic sulfate. The increasing sulfate signals could imply the presence of compounds such as adenosine-5 0 -phosphosulfate), 3 0 phosphoadenosine-5 0 phosphosulfate or sulfolipids (Goren, 1970) . However, adenosine-5 0 -phosphosulfate is a typical intermediate of metabolically active either assimilatory or dissimilatory SRB and sulfur-oxidizing bacteria.
qPCR assays were able to detect a high amount of dsrB genes of Deltaproteobacteria, which were also identified by the PhyloChip G3 technology to be highly enriched in the biofilm. In FISH analyses of multiple biofilms a vast majority of the bacteria showed a positive signal after hybridization with two different (sets of) SRB-directed probes (the 385 probe and the Delta495a/b/c probe mix). This observation was supported by the CTC-FISH assay, which showed metabolic activity of bacteria stained with the Delta495 probe mix (see Supplementary Figure S7 ). These investigations confirmed that the bacterial microbiome of the SM1 Euryarchaeon biofilm is comprised mostly of Deltaproteobacteria, involved in sulfate reduction.
The fact that little sulfate signals were detected in the Archaea-rich regions implies two possible scenarios for the samples taken. In the first scenario, the supposed sulfate-reducing SM1 Euryarchaeon might be alive but metabolically inactive, having already reduced most of the sulfate compounds in its direct vicinity of the biofilm. In the second scenario, the SM1 Euryarchaeon might not be capable of sulfate reduction, a conclusion which is in stark contrast to the previous hypothesis (Moissl et al., 2002) .
A number of metabolic pathways of SRB-associated archaea have already been reported in literature. For instance, in the AMO consortium SRB have a key role for archaeal, anaerobic methane oxidation (Orphan et al., 2001) . However, it still remains unclear if the SM1 Euryarchaeon is capable of methane-oxidation or methanogenesis, or if it performs a completely different metabolism. Nevertheless it can be speculated, that a classical methanogen would quickly be outcompeted by SRB for hydrogen or organic substrates in sulfate-rich, anoxic environments such as the Muehlbacher Schwefelquelle (Lovley and Klug, 1983) . Previous investigations have failed to detect F 420 , a key co-enzyme for methanogenesis, showing no positive amplification of the according gene, nor a positive chemical detection based on chromatography (Moissl et al., 2003) .
Possible metabolic functions of the SM1 Euryarchaeon remain speculative but may be responsible for the environmental success of this organism. As the SM1 Euryarchaeon is currently the only known archaeon to absolutely predominate one specific biotope, combined with its appearance in hot spots in Europe and maybe even beyond (Rudolph et al., 2004) , a larger (ecological) role can be assumed, which is currently still mysterious. However, a metagenomic study of the biofilm is currently performed, for which the knowledge about the microbial diversity is an important and very helpful prerequisite. This approach may reveal the metabolic capabilities of the SM1 Euryarchaeon in the biofilm.
Although a broad diversity of microbes is detectable in the Muehlbacher Schwefelquelle biotope, the accumulation of SRB, which represent the overwhelming majority of the minor bacterial part, appears to not be an accident; rather it is clear that these bacteria provide a valuable function within the biofilm as their presence in the biofilm was monitored as its discovery more than 8 years ago. However, the open question is if and how the SM1 Euryarchaeon influences the (bacterial) diversity in the biofilm. Does it-as it seems to be obvious for living together with (selected) filamentous sulfideoxidizers in surface waters-actively recruit SRB to the biofilm, or is this phenomenon a passive enrichment? How and why does the SM1 Euryarchaeon switch from biofilm to string-of-pearls community status and are transition states detectable? These and many more questions will have to be answered in future studies and promise astonishing insights into this fascinating natural archaeal system.
